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prepared by colloidal routes where particle 
size, shape, and architecture are precisely 
controlled, in addition to composition.[6]

Seemingly simple chemistry is often 
used to prepare metal NPs by colloidal 
methods, but the underlying nucleation and 
growth processes are complex, with new 
insight being gained every day.[7] These syn-
theses begin with the reduction or decom-
position of a metal salt or complex, which 
occurs in the presence of molecules and/or 
ions that help to stabilize the growing parti-
cles in solution and direct growth.[8] These 
processes are very sensitive to the reac-
tion conditions, wherein part per billion 
differences in reagent concentrations and 
small temperature fluctuations can alter 
growth pathways and limit product mono-
dispersity.[9] This sensitivity also can limit 
large-scale production of nanomaterials as 
thermal equilibrium is difficult to maintain 

in large reaction vessels.[10] In order to produce designer metal 
nanocatalysts with structural and compositional precision on a 
large scale, new synthetic methods are required. Herein, this pro-
gress report discusses the underlying principles of designer metal 
nanocatalysts. Then, we examine the synthesis of such designer 
NPs in continuous-flow droplet reactors as such platforms can 
address the challenges associated with large-scale synthesis. We 
conclude by considering the flow synthesis of new nanocatalysts 
that may not be possible by batch methods.

2. Design Criteria of Nanocatalysts

In order to achieve high performing designer metal nanocata-
lysts, composition, particle size and shape, and overall archi-
tecture all must be considered as each can influence what 
surface–adsorbate interactions are possible and the strength of 
these interactions.

2.1. Composition

Both mono- and multimetallic compositions can make for high 
performing nanocatalysts, where the metal(s) chosen define the 
nature of surface–adsorbate interactions. In accordance with 
the Sabatier principle, high reactions rates are achieved with 
catalysts when reaction intermediates do not bind too weakly 
or too strongly to the catalytic surface.[11] This binding energy 
is consistent with the d-band model of catalysis proposed by 
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1. Introduction of Energy Challenges

Designing mono- and multimetallic nanoparticles (NPs) has 
been a hot topic over the last few decades as their applications 
include nanotherapy, chemical sensing, counterfeit detection, 
and more.[1] In fact, the study and use of metal NPs for 
catalysis and electrocatalysis are at an all-time high.[2] A catalyst 
accelerates a chemical reaction without being consumed 
and may aid in the selectivity of a reaction toward a certain 
pathway or product.[2] For example, nanocatalysts are used in 
proton exchange membrane fuel cells (PEMFCs) and batteries 
to help transport chemical energy to electricity through redox 
reactions at the anode and cathode of these devices.[3] However, 
even with catalysts, these processes often still have sluggish 
reaction kinetics, requiring further advances in the design of 
catalysts.[4] Traditionally, nanoscale catalysts have been pre-
pared by methods that do not provide precise control over 
structure (e.g., incipient wetness impregnation).[5] However, 
nanocatalytsts with increased performance and limited catalyst 
poisoning and degradation can be achieved with designer NPs 
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Hammer and Nørskov, which states that the molecular adsorp-
tion energy is primarily dependent on the occupancy of the 
bonding and antibonding states formed by the hybridization of 
the wave functions between the adsorbates and the d-state elec-
trons of the metal.[12] Thus, when the antibonding state is below 
the Fermi level (EF), the adsorbate and metal surface become 
repulsive, causing weak adsorption. In contrast, strong binding 
occurs when the antibonding state is above the EF.

[13] Therefore, 
the position of the d-band center (εd) characterizes the strength 
of the binding and can be tuned to achieve maximum rates.

When considering alloys, mixing precious metals with earth-
abundant elements can yield cost effective materials. Moreover, 
the nature of the surface–adsorbate interaction depends on the 
atomic arrangement of the different metal types, modifying 
the electronic structure of the surface through ligand effects and 
the types of sites available through geometric (ensemble) effects. 
Ligand effects refer to electron donation from one atomic center 
to another through differences in work function. Atoms with 
lower work functions will donate electrons to atoms with higher 
work functions, increasing the number of filled orbitals.[4] This 
charge donation will lower the εd, to weaken surface–adsorbate 
interactions.[14] Markovic and co-workers showed the impact of 
alloying by mixing Pt with different 3d transition metals, creating 
a catalogue of bimetallic Pt-containing surfaces. The specific 
activities of the NP products toward the oxygen reduction reac-
tion (ORR) were measured and correlated with their εd.[15]

Geometric (ensemble) effects refer to the atomic arrangement 
at the catalyst surface which is available for adsorbate binding 
and can dictate molecular orientation and, in turn, catalytic path-
ways.[16] With monometallic NPs, which facets are expressed 
govern molecular orientation. However, incorporation of more 
than one metal in the form of an alloy will provide different 
types of sites that depend on the ratio of metals in the alloy (e.g., 
clustering or single site isolation).[16a] For example, clustering of 
active sites may cause adsorbates to bind in a bridge or hollow site.

A special class of multimetallic NPs being evaluated as cata-
lysts is those with atomic ordering, i.e., intermetallic phases. 
In contrast to random alloys where the different atom types 
are arranged in statistically random positions throughout the 
lattice, intermetallics exhibit long-range chemical ordering, 
with each crystallographic site occupying a fixed atomic site.[17] 
Figure 1 (middle ring, bottom section) provides an example of 
an intermetallic lattice compared to a random alloy lattice.[18] 
The interest in intermetallic phases stems from their ordered 
crystal structures providing atomically precise multimetallic 
surfaces for catalysis. Moreover, their lower heats of formation 
can provide more robust catalysts, especially for electrocatalytic 
processes where the highly corrosive environments can lead to 
metal leaching. In addition, intermetallics have shown different 
catalytic activities than their random alloy counterparts.[19] In 
fact, Wang and co-workers showed that intermetallic PdCu NPs 
have higher specific and mass activities toward the ORR com-
pared to random alloy PdCu NPs as well as greater durability.[20]

2.2. Size

NP size is an important criterion in designing nanocatalysts as 
it can directly impact utility. Typically, NPs in the 1–10 nm size 
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range are preferred for applications in catalysis.[21] This prefer-
ence is because the surface-to-volume ratio is enhanced in this 
size regime, making the materials more cost-effective.[22] When 
manipulating the size of NPs, faceting and electronic structure 
also can change. For example, Pt NPs with diameters ranging 
from 1 to 5 nm were used as catalysts for the ORR,[23] with the 
specific activity being greatly diminished as the diameter of the 
NPs fell under 2.5 nm. This decrease was attributed to oxygen 
binding too tightly at edge and vertex sites on the Pt NPs, which 
increase in concentration with shorter particle diameter.

In addition to binding strength hindering activity, NP size 
can influence the selectivity of a desired product.[24] This 
dependence was demonstrated with carbon-supported Pt NPs 
used as a catalyst for the carbon–nitrogen ring opening reac-
tion of pyrrole. Pt NPs from 0.8–5 nm were evaluated and each 
size had a different selectivity toward different pyrrole deriva-
tives. The larger Pt NPs produced almost entirely n-butylamine, 
whereas the smaller NPs formed a combination of pyrrolidine 
and n-butylamine.[25] Because of the differing electronic struc-
ture and faceting with NP size, choosing NPs of appropriate 
size is critical to achieving high performance catalysts.[22]

Adv. Energy Mater. 2020, 10, 1902051



www.advenergymat.dewww.advancedsciencenews.com

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1902051  (3 of 14)

2.3. Shape

Beyond NP size, the shape of a particle will directly affect the 
catalytic performance as different facets are exposed.[26] Specif-
ically, adsorption energetics and diffusion/reaction pathways 
change with different facets.[27] For example, Pt icosahedra 
containing {111} facets were found to have a specific 
activity toward the ORR ≈3 times greater than Pt nanocubes 
containing {100} facets.[28] This difference was attributed to 
the adsorption of OHads being more favorable to low-index  
Pt surfaces and the twinning-assisted, strained surface lattice 
of icosahedral nanocrystals. Furthermore, this shape effect 
holds for multimetallic systems. For example, core@shell 
Au@Pd concave cubes outperformed core@shell Au@Pd 
octahedra in catalyzing Suzuki coupling of iodobenzene and 
phenylbroronic acid because the concave cubes expose desir-
able high-index facets.[6c]

NPs of different shapes are accessed by manipulating 
nucleation and growth conditions.[26a] Products can vary 
between low energy structures, e.g., a Wulff polyhedra of an 
fcc metal, to higher energy kinetic products, e.g., branched 
NPs with high index facets.[29] Thermodynamic products 
are lower in total free energy but require a higher activation 
energy compared to the kinetic products, thus a larger thermal 
energy input is needed to access thermodynamic structures. 
Thermodynamic versus kinetic control has been demonstrated 
in a variety of systems, where the product is dependent on 
the thermal energy input and solvent conditions.[29,30] As NP 
shape defines the surfaces that are expressed, the development 
of syntheses to shape-controlled NPs is critical to achieving 
high performance catalysts.

2.4. Architecture

Finally, NP architecture can be important to catalytic perfor-
mance and refers to how different material domains are distrib-
uted in 3D space. Examples of different metal NP architectures 
are hollow/porous structures for increased surface area, dimers 
and heterostructures for spillover effects in catalysis, and 
core@shell structures for strain effects.[18] These architectures 
are highlighted in the outer ring of Figure 1.[18] This figure cor-
responds to bimetallic systems, but one can derive from this 
scheme how different architectures also apply to mono- and 
higher multimetallic systems. Hollow/porous structures tend 
to be more catalytically active by mass due to access of interior 
and exterior walls.[31] Dimers and other heterostructures can 
put metals with different properties adjacent to one another, 
enabling one reaction step to occur at one metal domain and 
then proceed at a nearby, but different, metal domain.[18]

Core@shell particles are often desirable for their strain 
(tensile versus compressive) effects that can tune the εd. Both 
tensile and compressive strain can be engineered into core@
shell NPs depending on their composition and architecture, 
as can be seen in Figure 2.[4] For tensile strain, the depositing 
shell lattice is smaller than the surface; this condition causes 
decreased orbital overlap and raises the εd. Compressive strain 
is achieved when a material with a larger lattice is deposited 
as a shell; this condition causes increased orbital overlap and 
lowers the εd.[32] By manipulating the strain on the surface of 
the particle, adsorption strengths can be tailored with the goal 
of following the Sabatier principle to achieve maximized reac-
tion rates.

Seed-mediated growth is typically used to achieve bimetallic 
NPs with different architectures, and consideration of the 
atomic radii, bond dissociation energies, and electronegativities 
of the seed metal relative to the depositing metal are important 
to achieving core@shell structures as opposed to other archi-
tectures. For epitaxial layered growth of one metal on a seed of 
another metal, i) the lattice constants of the two metals should 
be comparable, with the lattice mismatch smaller than about 
5%; ii) the electronegativity of the shell metal should be lower 
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Figure 1.  Scheme showing different NP architectures that evolve from two 
types of metal atoms (center). Middle ring: Four types of atomic distribu-
tions possible with two metal atom types. Outer ring: Examples of many 
bimetallic nanocrystals with distinct architectures. The two different atoms 
have a yellow and gray color, while an alloy or intermetallic compound has 
an orange color. Adapted with permission.[18] Copyright 2016, American 
Chemical Society.

Figure 2.  Scheme of how the strain effects tailor the d-band center for 
bimetallic NPs. Adapted with permission.[4] Copyright 2018, Wiley-VCH.
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than the core metal in order to avoid the displacement reaction 
and to easily wet the surface of the core; iii) the bond energy 
between the metal atoms of the shell should be smaller than 
that between the shell atoms and substrate atoms in order to 
ensure the Frank–van der Merwe layer-by-layer growth.[33] If 
these factors are not met, Volmer–Weber growth or Stanski–
Krastanow growth could dominate, eliminating conformal 
epitaxial growth and giving rise to different overall shapes 
and architectures of the NPs.[34] These type of predictive guide-
lines are important considerations when designing NPs for 
catalytic applications.

3. Traditional Synthetic Methods

Methods like incipient wetness impregnation have been 
used commonly to make industrial metal catalysts.[5] While  
successful in producing useful materials, these methods 
yield ill-defined materials, which results in great efforts being 
directed toward understanding the origin of performance and 
active site identification. In contrast, designer nanocatalysts are 
usually inspired by surface science studies and computational 
tools and aim to express optimized active sites through precise 
control of composition and structure. Designer metal NPs are 
traditionally synthesized by colloidal methods in batch reactions 
because of the facile reaction setup, ability to fine-tune reaction 
parameters, and proven capabilities to synthesize monodisperse 
products.[35] However, these methods typically produce only mg 
quantities of NPs, limiting their use in applications where much 
more material is required. One major limitation to larger scale 
production is the difficulty to maintain thermal equilibrium 
(the ability to maintain constant temperature) throughout a 
large reaction vessel.[36] Subtle changes in reaction temperature 
can cause a range of nanoproducts.[9] In multimetallic NP syn-
thesis, maintaining thermal equilibrium is even more impor-
tant as a vast range of kinetic products are achievable at lower 
activation energies.[29] Without thermal equilibrium, these mul-
timetallic NPs can range from branched NPs to conformal NPs, 
with a variety of sizes, shapes, and architectures in between.[29] 
Because of the issues with scaling traditional synthetic tech-
niques for metal NPs, new methodologies are being explored 
to produce designer NPs for diverse applications, including for 

catalysis where composition, particle size and shape, and overall 
architecture must be precisely controlled.

4. Continuous Droplet Reactors

A recent and promising synthetic method for the scale-up of 
metal NPs is continuous-flow droplet reactors due to the con-
tinuous production of small reaction droplets (Figure  3).[36,37] 
These continuous-flow droplet reactors can confine reactions 
in the microliter regime, giving rise to the term microreactor, 
allowing thermal equilibrium and mass transport (i.e., convec-
tion, diffusion, and migration) to be better controlled compared 
to large-scale batch reactions.[10,38] In fact, microreactors have 
been used to synthesized metal NPs not yet achieved in batch 
reactions.[37e] Additionally, continuous microreactors have envi-
ronmental health and safety benefits, making them practical 
platforms for industrial automation and commercialization.[37f ] 
An example of a continuous-flow droplet microreactor can be 
seen on the right side of Figure 3.[39] Generally, these two-phase 
microreactors have reagent-filled syringes placed on syringe 
pumps, with one syringe containing an immiscible carrier 
fluid.[40] These syringes are connected to the carrier tubing 
often through silica capillaries, as silica capillaries are inert 
to common metal NP reagents, but other construction mate-
rials may be considered. As the syringe pumps push reagent 
material into the carrier tubing, reaction droplets are created 
through the two immiscible phases, which are simultaneously 
injected into the flow tubing at an optimal ratio.[41] These reac-
tion droplets can be heated inline for a desired residence time 
before exiting the tubing into a collection vessel. This funda-
mental microreactor setup can be differentiated depending on 
the system.[42] These types of microreactors have been appli-
cable to many different chemistries, including automated syn-
chronization of bacterial cells, organic polymer production, 
small organic molecule synthesis, quantum dots formation, 
and more.[43] However, this discussion will focus on microre-
actor techniques that are capable of synthesizing known and 
new metal NP structures. We especially focus on strategies to 
achieve favorable designer nanostructures for catalysis. Herein, 
the different synthetic parameters applicable to continuous-flow 
droplet microreactors are dissected for metal NP syntheses.

Adv. Energy Mater. 2020, 10, 1902051

Figure 3.  A comparison of two opposite synthetic methods for the scaling up of metal NP products. These two methods include increasing the reaction 
solution (left, batch reaction)[36] or decreasing the reaction solution (right, microreactor).[39] Adapted with permission.[36,39] Copyright 2014, Wiley-VCH 
and Copyright 2017, American Chemical Society.
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5. Reaction Parameters for Continuous-Flow 
Droplet Microreactors

5.1. Flow Modes

Flow modes in microreactors can adopt either droplet, plug, 
or slug mode as depicted in Figure 4.[10] In droplet mode, the 
reaction droplet is completely encompassed by an immiscible 
carrier fluid, creating only one interface for the reaction drop-
lets. Interestingly, surfactants with hydrophobic tails are often 
used in metal NP synthesis to provide colloidal stability and 
direct particle shape; these surfactants can interact at the droplet 
interface (interfacial adsorption), causing polydispersion.[44] To 
alleviate this effect in microreactor syntheses of NPs, nonionic 
surfactants are being used.[44] For example, in a seeded-growth 
synthesis of Ag nanocubes (where poly(vinylpyrrolidinone) 
(PVP) was the capping agent and l-ascorbic acid (l-aa) was 
the reducing agent) in a two-phase microreactor, interfacial 
adsorption was alleviated with Triton X-100, a nonionic sur-
factant, which produced more monodisperse Ag nanocubes 
compared to the synthesis when Triton X-100 was absent.[44] 
The absence of Triton X-100 resulted in self-nucleation of Ag, 
forming small particles and some large irregular-shaped parti-
cles. Furthermore, the researchers claimed Triton X-100 did not 
affect the capping effects of the PVP since most seeds adsorbed 
onto the water-oil interface in reactions without Triton X-100, 
leaving behind fewer seeds in the aqueous phase for growth.

In plug mode, the reaction interface is more complex as 
there are now two interfaces. One interface is the reaction 
phase with the immiscible carrier fluid, as in droplet mode, and 

the other is from contact between the reaction phase and the 
carrier tubing. As the entire reaction plug is not surrounded 
by the immiscible phase, interfacial adsorption is not homog-
enous and the two interfaces may have subtle, but different, 
convection dynamics. This mode is common because popular 
immiscible and reaction phases (i.e., silicone oil and water) 
generally yield plug mode dynamics, but the inhomogeneity 
and the differing convection dynamics must be considered for 
sensitive metal NP growth modes.

Lastly, slug mode contains a reaction phase that is in con-
tact with the reaction tubing and neighboring slugs. Reaction 
solvents used for this mode need to have a strong affinity for 
the inner wall of the reaction tubing, resulting in a concave 
shape for the reaction slug. However, the slug mode should be 
avoided as contact between reaction slugs allows for diffusion 
throughout the microreactor.

5.2. Mixing

Inducing mixing in microreactor reactions is not as straight 
forward as controlling the stirring in batch reactions. How-
ever, ensuring well-mixed reagents in droplets is central to 
achieving high quality products. There are a variety of tech-
niques employed depending on the microreactor system and 
the number of lines being introduced to create the droplets. It 
is worth noting that in many cases, different reagents are held 
in different syringes to inhibit reaction or side processes until 
droplets are well mixed and delivered to a heating zone. One 
technique to achieve mixing is to increase the overall flow rate, 
where the flow can be categorized as laminar, vortex, or turbu-
lent jet.[45] Typically, laminar flow dominates at slow flow rates, 
causing slower mixing. As the flow rate increases, vortex and 
then turbulent jet flow becomes prominent, inducing faster 
mixing.[46]

Three other mixing methodologies can be seen in Figure 5 
and include chaotic advection, pinched zones, and electrocoa-
lescence.[10] As shown in Figure  5A, chaotic advection aids in 
mixing within droplets by rapidly reorienting the direction of 
the droplet as it follows a bent path. As this droplet changes 
from bent pathways to straight pathways, internal recircu-
lating flow folds and stretches the droplet, increasing reagent 
mixing.[10] This rapid strategy is a simple and effective way to 
achieve adequate mixing in confined reactions.[47] Mixing can 
also be achieved by pinching the reaction tubing at precise 
intervals as shown in Figure  5B for the synthesis of Au NPs. 
Transmission electron microscopy (TEM) images of Au NPs 
synthesized without and with pinched zones are shown in 
Figure  5B where monodispersity is increased with pinching 
due to increased mixing within the reaction. However, droplets 
can fuse together if the pinched zones occur too close to one 
another.[41] Finally, mixing within microreactor droplets can 
be achieved through electrocoalescence (Figure  5C).[48] In this 
process, two adjacent droplets are exposed to a high electric 
field in order to combine the droplets.[49] This process has been 
used for reagent addition in metal NP microreactor reactions, 
but could cause alternative growth pathways through manipu-
lating growth kinetics to produce dendritic structures.[50] These 
growth effects will be discussed further in Section  5.8, where 

Adv. Energy Mater. 2020, 10, 1902051

Figure  4.  Representations of three flow modes in continuous-droplet 
reactors. A) Droplet mode, where the droplet is isolated from the channel 
wall. B) Plug mode, where the convex droplet contacts both the wall and 
carrier fluid. C) Slug mode, where the concave droplet contacts both the 
wall and carrier fluid. Adapted with permission.[10] Copyright 2015, Royal 
Society of Chemistry.
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multistep reactor processes are discussed. The versatility of 
these mixing processes allows for a catalogue of microreactor 
reaction enhancements when developing a system.

5.3. Reaction Volume

The reaction volume of the droplet can be manipulated to 
achieve different reaction conditions. The reaction-droplet 
length can be determined by the ratio

L W
Q

Q
/

1 reaction

immiscible

α
=

+
	 (1)

where L is the length of the droplet containing the reaction, W is 
the width of the tubing channel, Q is the flow rates of the reaction 
and immiscible phases, and α is a constant related to the junction 
where the formation of the reaction droplet occurs.[10,41] Typically, 
these reaction droplets are in the micro- to milliliter regime to 
ensure thermal equilibrium during metal NP synthesis.[51] The 
use of larger droplets leads to faster production of the metal NPs; 
however, thermal equilibrium can be difficult to maintain (just 
as in batch reactions). Thermal equilibrium is better maintained 
with smaller droplets; however, the rate of product production will 
be slower. This dependence leads to a balancing act wherein reac-
tion droplets should be large enough to produce as much product 
as possible, but small enough to ensure thermal equilibrium is 
achieved to create a monodisperse product.

Alternatively, parallel microfluidic-droplet reactors are a viable 
route to large-scale production of colloidal inorganic NPs.[52] 
However, a major challenge in designing and implementing 

parallel microreactor systems is guaranteeing uniform fluidic 
behavior throughout the ensemble.[53] Brutchey and co-workers 
reported a 3D droplet microreactor with four-branched parallel 
networks capable of producing statistically indifferent Pt NPs.[54] 
This parallel network was shown to be insensitive to small 
changes that could arise due to feedback between channels. 
This parallel methodology doubled the reaction productivity of 
the Pt NPs compared to the analogous batch synthesis. Through 
manipulating the droplet volume and designing parallel micro-
reactor systems, the scale-up of NP product is viable.

5.4. Heating Element

Many metal NP syntheses require heating to facilitate the nuclea-
tion and growth process, and the thermal input allows the struc-
tural features of the NPs to be tuned as mentioned toward either 
kinetic or thermodynamic products. Typically, the microreactor 
tubing is fed through a temperature-controlled oil bath, although 
other thermal inputs can be used; the tubing length and droplet 
flow rate determine the residence time for a reaction.[41] Thus, in 
addition to the temperature of the oil bath impacting the com-
positional and structural features of the NPs, the residence time 
can influence these features. For example, online measurements 
through UV–vis spectroscopy integrated into a microreactor, 
where chloroauric acid (HAuCl4) was reduced by l-aa in the pres-
ence of PVP, showed that the mean diameters for Au NPs were 
dependent on the residence time of the reaction.[55] Therefore, res-
idence time needs to be considered to optimize surface-to-volume 
ratios of nanocatalysts, while maintaining the desired shape.

Adv. Energy Mater. 2020, 10, 1902051

Figure 5.  Representation of three ways to achieve mixing in droplet reactors. A) Use of winding zones in the reaction line to achieve chaotic advection 
in droplets. The left panel shows a schematic representation and the right panel is an optical image of chaotic advection in winding zones. B) Use 
of pinched zones to induces droplet mixing. The top panel shows an optical image of nonpinched zones versus pinched zones. The bottom images 
are TEM images of Au NPs with the left particles being synthesized without pinched zones and the right particles synthesized with pinched zones.  
C) Use of electrocoalescence to induce droplet mixing. The top image is a without an electric field and the bottom includes an electric field. Adapted 
with permission.[10] Copyright 2015, Royal Society of Chemistry.
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Recently, microwave-mediated radio frequency (RF) heating, 
instead of thermal addition through an oil bath, has been used to 
facilitate the chemistry for metal NP formation.[56] Specifically, Rh 
NPs were synthesized ranging from cubo-octahedra to branched 
multipods using a microwave heating unit through manipu-
lating the phase (single-phase or two-phase), temperature, and/
or residence time.[56] The range of Rh NPs synthesized exhibit 
different sizes and facets that could lead to differences in catalytic 
performance. The Rh multipods were made possible as the 
microwave heating element can cause specific product growth 
via dipolar coupling of microwaves with polar charged species.[56] 
In addition, RF heating has been hypothesized to create hot spots 
on metal NPs, impacting the synthetic outcome.[57]

There has been an effort to separate nucleation events from 
growth events during NP synthesis by sequentially utilizing an 
RF heating unit and a temperature-controlled oil bath unit.[58] 
Figure  6 shows a scheme of this multistep reactor using both 
heating components as well as a TEM image of the Ag nanocubes 
synthesized in the microreactor.[58] Initially, the reagents flowed 
through the microwave zone to synthesize spherical Ag NPs. 
Next, the spherical NPs flowed through a growth bath where the 
particles became more cubic with increased residence time. This 
strategy has the potential to provide distinct kinetic regimes for 
NP formation and access to unique NP shapes and architectures.

5.5. Initial Concentrations

Another control parameter of droplet microreactors for metal NP 
synthesis is the ability to tailor the initial concentrations in the 
starting reagent syringes. The dependence of metal NP product 
on initial concentrations arises because the reagent concentra-
tions directly correlate with supersaturation. NPs nucleate and 
grow when a solution becomes supersaturated. Therefore, NPs of 
different sizes and shapes can be achieved through manipulating 
supersaturation conditions.[41] For example, tailoring the size and 
morphology of Pd NPs has been demonstrated in microreactor 
reactions by manipulating the reducing agent and capping 
agent concentrations in the starting syringes, while keeping flow 

rates constant.[41] Specifically, with increasing reducing agent 
(l-aa) concentration in the starting syringe, Pd NPs produced 
from the reduction of Na2PdCl4 in the presence of PVP and potas-
sium bromide (KBr) went from spherically shaped to sharp cubes.

Considering the synthesis of bimetallic NPs with architec-
tural control, Pt branches have been deposited on Pd nanocubes 
using a microreactor where the branch length could be precisely 
controlled through reagent concentrations.[59] Specifically, Pt 
branches were grown on cubic Pd seeds by reducing K2PtCl4 
in the presence of l-aa, KBr, and PVP. Increasing the con-
centrations of the K2PtCl4 and l-aa in their starting syringes, 
while keeping flow rates constant, produced longer branches 
off the vertices of the Pd cubes. This synthesis demonstrates 
NP compositional control by manipulating the ratio of Pd:Pt in 
the final structure. In addition, architectural control is achieved 
by tailoring the size of the Pt domains off the vertices of the 
Pd cube. Similar Pd–Pt particles have been prepared in batch 
reactions and have been shown to be excellent catalysts for the 
ORR, formic acid oxidation, and methanol oxidation.[60]

5.6. Flow Rates

As mentioned in Section  5.2, the flow rate determines whether 
the flow is a laminar, vortex, or turbulent jet.[45] These different 
regimes affect the mixing and interface between the two 
mediums. In addition to varying the overall flow rate, manipu-
lating the relative flow rates of the microreactor reagent solutions 
inline (on-the-fly) can change the metal NP product. This concept 
was demonstrated with the synthesis of core@shell Au@Pd nano-
structures where different conformal Pd shell thicknesses were 
deposited on cubic Au seeds in the presence of cetyltrimethylam-
monium chloride (CTAC), sodium bromide (NaBr), and l-aa.[39] 
By changing the relative flow rates of the metal Pd precursor 
with respect to the Au cubic seeds, while keeping the total addi-
tive flow rate constant, conformal Pd shell thicknesses deposited 
on the cubic Au seeds were controlled. Figure 7 shows the range 
of Au@Pd core@shell nanostructures synthesized using this flow 
rate manipulation process. As the flow rate of the cubic Au seed 
solution was decreased and the flow rate of the Pd precursor rea-
gent solution was increased, while keeping the total additive flow 
rate constant, Pd shell thicknesses on the exterior of the Au seeds 
were increased. At high Pd precursor flow rate relative to cubic Au 
seeds, homogenous Pd appeared due the high supersaturation the 
Pd precursor. This process was effective in depositing a range of 
Pd dendritic shells on Au octahedral seeds, as well.[39] This meth-
odology shows architectural control of NPs inline instead of having 
to change stock solutions, which limits synthetic waste. Depositing 
conformal Pd shells on Au seeds puts the Pd shell under tensile 
strain. In tensile strain, the depositing lattice is smaller than the 
surface causing decreased orbital overlap, thus raising the εd.  
However, the εd can be manipulated through varying the shell 
thickness of the NP allowing this inline synthetic-control method 
to be a great way to synthesize nanocatalysts. In fact, similar 
core@shell Au@Pd structures prepared in batch reactions have 
been shown to be excellent catalysts for Suzuki coupling reactions, 
methanol oxidation, and formic acid electrooxidation.[6c,61]

Recently, this methodology was extended to kinetically con-
trolling the shape of NPs inline by manipulating relative flow 
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Figure  6.  A microreactor scheme showing the use of a microwave 
heating zone and a growth bath heating zone to separate nucleation 
and growth processes during Ag nanocube reactions, respectively. This 
figure also includes a transmission electron microscopy image of the Ag 
nanocubes synthesized in the microreactor. Adapted with permission.[58] 
Copyright 2017, American Chemical Society.
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rates.[62] In this study, the inline manipulation of reagent flow 
rates allowed a range of products from kinetically favored 
Au–Pd sharp-branched octopods to thermodynamically favored 
core@shell octahedra to be successfully synthesized. These 
structures were achieved by manipulating the pH in solution 
through flow rate manipulations, thus changing the reducing 
capability of the  l-aa solution. At high pH, the rate of deposition 
was favored as adatoms were kinetically trapped at high energy 
site generating branched octopod structures, thus kinetic control. 
As the pH was lowered, the reducing capability of the l-aa was 
weakened, allowing the rate of diffusion to dominate. When the 
rate of diffusion dominated, the adatoms could diffuse to more 
favorable sites, generating core@shell octahedra. Accessing 
these different NP shapes that express different facets give rise to 
a catalogue of synthesized nanocatalysts where the catalytic per-
formance is based on the exposed facets. It is expected that the 
high-index facets exposed on the octopods will exhibit different 
catalytic performance than the (111) faceted octahedra.

5.7. Hydrophobicity

The material selected to hold the flowing droplets can also influ-
ence the product as droplet formation and fluidic dynamics 
change with interfacial energies. Typically, hydrophobic tubing 
(polytetrafluoroethylene, PTFE) encompasses aqueous droplet 
reactions separated by organic media, where the organic media 

can be tuned to vary interfacial thicknesses.[63] Additionally, 
the hydrophobicity of the tubing plays a role by affecting the 
curvature of the fluids, which correlates with reagent diffusion 
within the media.[64] To evaluate how different hydrophobic 
reaction lines in microreactors lead to different diffusion 
mechanisms and NP products, an aqueous/organic two-phase 
systems was flowed through either a hydrophobic PTFE micro-
reactor or a hydrophilic Si–Pyrex microreactor.[65] In this two 
phase system, Au NPs were synthesized by adding HAuCl4 and 
CTAB to the aqueous phase and using toluene as the organic 
phase. Because toluene served as the reducing agent for the 
Au precursor, reduction and growth occurred at the aqueous/
organic interface. By manipulating the hydrophobicity of the 
microreactor, the aqueous/organic interface was modified 
causing different diffusion mechanisms in the system. When 
the microreactor had a hydrophobic wall (PTFE tubing), the 
aqueous reactions were confined in a plug mode. This is 
represented in Figure  8a,b. As the media flows through the 
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Figure 7.  Example of dimensional control with Au@Pd NPs achieved in 
a continuous-droplet microreactor through manipulating relative flow 
rates, not stock solutions. This was achieved through increasing the Pd 
precursor flow rate while decreasing the Au seed flow rate. Row SEM: 
Images of the Au@Pd particles (inset: TEM; scale bars: 25  nm) with 
scale bars 200  nm. Rows Au, Pd, and EDS: Elemental mapping of Au 
signal, Pd signal, and the overlay of the Au and Pd signals (yellow = Au; 
red = Pd). Scale bars are 50 nm. Adapted with permission.[39] Copyright 
2017, American Chemical Society.

Figure 8.  Scheme of the flow in microchannels with different hydropho-
bicities. a) Scheme of the differences in a hydrophobic versus hydrophilic 
wall where the aqueous phase is shown in gray while the organic phase is 
shown in white. b,c) Optical images of the hydrophobic versus hydrophilic 
microchannel reactions. d,e) Nanostructure formation sequence in hydro-
philic Si microchannel reactor. f,g) Nanostructure formation sequence in a 
hydrophobic PTFE tube. Schematics in panels (d)–(g) are along the length 
of the microchannel at discrete locations from inlet (left) to the outlet 
(right). The flow of liquids is from inlet to the outlet (left to right). Adapted 
with permission.[65] Copyright 2017, American Chemical Society.
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reaction tubing, the nanostructure formation accumulates at 
the back of the aqueous droplet where the fluid dynamics allow 
the aqueous reagents to interact with the organic reagents as 
seen in Figure 8f,g. This reaction method produced 12 nm NPs 
with shapes ranging from spheres to hexagonal plates. How-
ever, when the microreactor had hydrophilic walls (Si–Pyrex 
microreactor), the reactions took the form of the slug mode, 
which is shown in Figure  8a,c. As the media flows through 
the reaction tubing in this system, the nanostructure forma-
tion accumulates at the front of the aqueous phase where the 
fluid dynamics allow the aqueous reagents to interact with the 
organic reagents as seen in Figure 8d,e. This reaction method 
produced monodisperse hexagonal plates with an average diag-
onal distance around 42  nm. The reason different NPs were 
synthetized with different hydrophobic reaction lines is due 
to the availably of reagent materials at the interface as reagent 
material diffuses within the system. To produce monodisperse 
NPs in microreactors, diffusion mechanisms must be carefully 
understood as these mechanisms can lead to product differ-
ences and inhomogeneity issues.

5.8. Reactors Capable of Multistep Processes

Microreactors have been typically limited to one synthesis 
inline, which could limit the continuous-flow production of 
many shape and architecturally controlled NPs as they are tra-
ditionally produced by sequential batch processes wherein NP 
seeds are produced first. However, multistep microreactors for 
NP synthesis are appearing like the microwave and oil bath 
example that separates nucleation and growth processes.[58] 
Furthermore, these microreactors can be broken down into 
two complete growth segments for an initial seed growth fol-
lowed by overgrowth of a secondary metal. Recent studies have 
used electrocoalescence (the mixing process briefly mentioned 
in Section 5.2) in a multistep microreactor to deposit Pd metal 
onto Au cores by first synthesizing Au spherical seeds followed 
by overgrowth of Pd metal in one continuous flow.[50] After 
the Au seeds were successfully synthesized in aqueous droplet 
reactions, aqueous miniemulsions containing overgrowth rea-
gents were added to the Au reaction droplets by exposing the 
reaction tubing to a high electric field in order to combine the 
droplets and miniemulsions.[50] Adding an external field can 
cause alternative growth patterns and may be the reason for the 
dendritic-like Pd shells. However, these dendritic shells expose 
undercoordinated surface sites and a high surface-to-volume 
ratio, allowing these NPs to serve as excellent catalysts.

Other multistep reactors have appeared in the literature 
without reagent addition through electrocoalescence. These 
types of microreactor setups prevent external effects from elec-
trocoalescence during growth processes and allow deposition 
to be based on reagent and reaction conditions. In fact, a 
multistep microreactor was used to synthesize the structur-
ally controlled Pd–Pt heterostructures described in Section 5.5 
where Pt branches grew from cubic Pd seeds.[59] Specifically, 
stage one of the multistep microreactor was used to synthesize  
cubic Pd NPs by reducing Na2PdCl4 with l-aa in the presence 
of PVP and KBr. These NPs were then used as seeds for Pt 
overgrowth downstream, where K2PtCl4 was reduced by l-aa in 

the presence of the Pd cubes, PVP, and KBr. Again, the length 
of the Pt branches was controlled by the initial reagent concen-
trations. The advancement of these multistep microreactors 
opens new pathways for different nanomaterial architectures to 
be synthesized inline, rather than having to use different reac-
tion setups for seed and overgrowth syntheses.

6. Case Studies

6.1. Monometallic Systems

Monometallic NPs synthesized in batches have been evaluated 
and used as catalysts for the past few decades. Moreover, Ni NPs 
have been made using this batch methodology for catalyzing 
organic reactions, including the hydrolysis of the ammonia−
borane (H3NBH3) complex.[66] Brutchey and co-workers 
advanced Ni NP syntheses by developing a high-throughput 
continuous flow synthesis to produce Ni NPs.[67] Their synthetic 
reactor is Figure 9A, which is modified from conventional con-
tinuous-flow microreactors. Their fluidic reactor uses a con-
stant precursor flow rate that is monitored through a feedback 
loop between an analytical balance and pressurized gas. The 
balance allows the precursor solution of Ni(acac)2, oleylamine, 
octadecene, and trioctylposphine to be monitored in real time, 
thus adjusting the pressure to maintain the constant flow rate. 
Following the balance portion of the reactor, the precursors 
flowed into a 220 °C conventional oven, resulting in fast nucle-
ation and leading to small Ni NPs around ≈11 nm, which can 
be seen in Figure 9B. This synthetic method achieved yields of  
>60%, which was better than analogous batch reactions that 
gave only a 45% yield. The Ni NPs synthesized in flow and the 
Ni NPs synthesized in batch reactions were supported on SiO2 
and evaluated as catalysts for the deoxygenation of guaiacol 
(Figure 9C). The Ni NPs synthesized in the flow reactor and in 
batch greatly outperformed Ni/SiO2 catalysts prepared through 
traditional incipient wetness techniques. The enhanced per-
formance of the Ni NPs synthesized in the flow reactor and in 
batch arises because of their enhanced morphological control 
and narrow size distributions. Furthermore, the Ni NPs syn-
thesized in the flow reactor and in batch exhibited similar 
H-adsorption site densities, site-time yields, and selectivi-
ties toward deoxygenated products. However, the flow reactor 
allows >27 g per day of the Ni NP product to be made, which 
is a more effective scale-up method than the analogous batch 
reactions.

Monometallic Au NPs have also been used as catalytic mate-
rial traditionally made in batch reactions. This dates back to 
1973 where Au NPs were synthesized and evaluated as a useful 
catalyst for olefin hydrogenation.[68] In 2017, Grunwaldt and 
co-workers engineered a continuous microfluidic setup that 
reduced HAuCl4 with sodium borohydride (NaBH4) in the 
presence of PVP to synthesize ultrasmall Au NPs with catalytic 
applications in mind.[69] Specifically, the setup used pressurized 
vessels that allowed pulsation-free flow of reactants in a micro-
fluidic chip with integrated mixers. Furthermore, this chip  
enabled recordings of X-ray absorption spectra in situ, showing 
oxidized Au was observed after 6  ms and only metallic  
Au was observed after 10  ms. Further ex situ characterization 
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techniques showed the final Au NPs had an average diameter of 
1.0 nm, with narrow size distributions. After depositing the Au 
NPs on TiO2, these supported catalysts showed good catalytic 
performance for CO oxidation. In related studies, Jamal and 
co-workers developed a microfluidic method to load 1–2  nm 
Au NPs in silica capillaries for fine organic transformations, 
showing the ability to integrate synthesis of the catalytically 
active phase with deposition on supports through flow strate-
gies.[70] This methodology should be applicable to a diversity of 
support materials and a variety of chemical transformations, 
including CO oxidation.[71]

6.2. Bimetallic Systems

Batch syntheses of bimetallic NPs with catalytic capabilities 
have also been demonstrated. Ag–Au NPs synthesized in 
batch have shown excellent capabilities in catalyzing CO 
oxidation as there is a strong synergism in the coadsorption 
of CO and O2 on the Au−Ag nanoparticle surface.[72] Recently, 
Mayer and co-workers designed microreactors composed 
of static micromixers (made via microlithographic Si/glass 
chip technology) and PTFE tubes for flow-through reactions 
producing Ag–Au NPs with different ratios of Ag and Au.[73] 
The NP syntheses were based on reduction of tetrachloroauric 
acid and silver nitrate with NaBH4. The size of the NPs and the 
product monodispersity were dependent on the metal-to-metal 
ratio and the order that reagent species were added inline. 
The catalytic performances of the Ag–Au NPs were evaluated 
through bleaching of organic dyes with potassium peroxodi-
sulfate. The NPs with the highest Ag-to-Au ratio exhibited the 
greatest enhancement in bleaching rate, whereas no catalytic 
activity was demonstrated with NPs composed only of Au. This 
study shows microreactor compositional control of NPs and 
how this control can lead to product performance.

Additionally, Pt–Ni NPs made in batch syntheses have good 
catalytic behavior, especially toward ORR.[74] In 2016, Xia and 
co-workers demonstrated the synthesis of Pt–Ni octahedra in 
a continuous-flow droplet reactor, and the Pt–Ni NPs exhibited 
remarkable activity toward ORR.[75] This study pumped all rea-
gent material into the reaction tubing using only one syringe 
and one syringe pump. The reagent syringe contained an 
oleylamine solution with Pt(acac)2, Ni(acac)2, and W(CO)6. 
The separation between reaction droplets was created by 
CO gas as W(CO)6 decomposed during the reaction. Thus, 
this microreactor did not use a typical immiscible carrier 
fluid. The reaction droplets were fed into a heated zone held 
between 170 and 230 °C. After the reaction droplets were 
heated, they exited the reaction tubing and were collected 
in a vial. The microreactor setup and Pt–Ni products can be 
seen in Figure 10.[75] The size and composition of the Pt–Ni 
octahedra were controlled through solvent manipulations and 
metal precursor concentrations in the initial precursor solu-
tion, not through process parameters inherent to the microre-
actor. To evaluate catalytic performance, Pt2.4Ni octahedra with 
a 9  nm edge length were chosen and showed an ORR mass 
activity of 2.67 A mgPt

−1 at 0.9  V. This activity is an 11-fold 
improvement over a state-of-the-art commercial Pt/C catalyst 
(0.24  A  mgPt

−1). Similar products have been made in batch 
reactors, but their yield is typically on the scale of 5–25  mg 
Pt per batch, which is not enough for industrial commer-
cialization. Using the continuous-flow droplet microreactor 
approach, 20 mg h−1 of 9 nm Pt–Ni product was achieved. This 
yield was further advanced when the diameter of the PTFE 
reaction tubing was increased to 3.0 mm, creating larger reac-
tion droplets to generate 160  mg h−1 of Pt–Ni product. This 
study not only shows the synthetic capabilities and versatility  
of microreactors for NP synthesis, it also demonstrates the 
ability to make effective nanocatalysts in a product volume 
that cannot be achieved by batch reactors.

Adv. Energy Mater. 2020, 10, 1902051

Figure 9.  Top: Scheme of the reactor used for synthesizing Ni NPs in a high-throughput continuous method. Bottom: TEM image of Ni NPs supported 
on SiO2 and a reaction scheme for the hydrodeoxygenation of guaiacol. Adapted with permission.[67] Copyright 2017, American Chemical Society.
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Lastly, this microreactor methodology can be extended 
to core@shell oxide structures for enhanced photocatalytic 
activity. A photocatalyst is a catalyst that requires or engages 
light, with metal oxides being common materials for this 
process.[74] In 2017, Chen and co-workers synthesized core@
shell Ag@Cu2O NPs in a multistep microfluidic method.[76] In 
the first stage of their microreactor, Cu(OH)4

2− was formed by 
reacting CuSO4 with NaOH. Next, core@shell Ag@Cu2O NPs 
were formed by reducing the Cu(OH)4

2− with l-aa in the pres-
ence of triangular Ag nanoprisms. In-depth characterization of 
the core@shell Ag@Cu2O product revealed the Cu2O shell was 
polycrystalline in nature with epitaxially domains growing on 
the Ag nanoprisms. The core@shell Ag@Cu2O NPs were com-
pared to pristine Cu2O NPs for the visible light–driven degrada-
tion of methyl orange. The core@shell Ag@Cu2O NPs showed 
superior activity compared to the Cu2O particles. Enhanced 
performance for the core@shell particles was attributed to the 
larger surface area and improved charge separation within the 
material compared to the reference. Furthermore, no obvious 
deactivation from the core@shell Ag@Cu2O NPs was observed 
during repeated testing. This study demonstrates that microre-
actor technology can be extended to synthesizing a variety of 
catalysts, not only pure metallic NPs.

6.3. Hierarchical Systems

Hierarchical systems are drawing attention in catalysis for their 
multicomponent and layered systems which can give rise to 
enhanced performance.[77] These hierarchical systems typically 
require elaborate synthetic strategies. In 2018, Li et  al. used 
microreactor technology to assemble hierarchical multicompo-
nent particles.[78] These particles were composed of metal NPs 
(Au, Ag, and Rh) uniformly distributed on sub-micrometer-sized 

polymer particles. Furthermore, these metal NP/ polymer net-
works were combined with polyacrylamide (PAA) hydrogel par-
ticles to form hierarchical assemblies. The metal NPs, polymer 
particles, and PAA hydrogel were all prepared separately in 
microreactors, with the assemblies built by combining the 
materials in a batch system. After assembly, this material was 
evaluated as a catalyst for the reductive bleaching of an azo dye 
by NaBH4. The results showed this hierarchical network was an 
effective catalyst, with an enhanced rate of bleaching reported. 
This study shows the versatile promise of synthetic design for 
NPs by combining different materials into a multicomponent 
hierarchical network.

7. Closing Vision

As Section 2 of this progress report outlines, control over NP com-
position, size, shape, and architecture can give rise to enhanced 
catalytic performance. The correlation between NP structure and 
performance has largely been established from the study of NPs 
synthesized by small batch methods. However, synthesizing such 
designer NPs in batch reactions limits scale-up. Sections 5 and 6 
highlight droplet microreactor routes to metal NPs, with some 
examples reporting both large production rates and fine struc-
tural and compositional control. Given that the ability of droplet 
microreactors to produce high-quality metal NPs for applica-
tions in catalysis has been demonstrated, now is the time to take 
advantage of the unique features of droplet microreactors and 1) 
achieve designer nanocatalysts not possible through batch path-
ways and 2) integrate inline characterization and catalysis.

7.1. New Nanostructures

In considering the synthetic opportunities that arise from droplet 
microreactors, the ability to rapidly screen synthetic conditions is 
an attribute. As mentioned throughout the progress report, syn-
thetic versatility in microreactor reactions for product diversity is 
an advantage. In 2016, Sebastián and Jensen reported the syn-
thesis of a variety of known and new metal NPs through small 
manipulations to microreactor reactions.[37e] Specifically, mono-
metallic and bimetallic spherical NPs, nanodendrites, nanocubes, 
core@shell NPs, Janus nanostructures, dumbbells, nanorods, 
and nanosheets were all synthesized through small changes to 
flow patterns and synthetic conditions. Moreover, this synthetic 
method gave rise to nanostructures hitherto not reported such 
as Pt–Ru, Pt–Ni, and Pt–Co nanodendrites, Pt–Pd heterostruc-
tures, Ag–Pd core@shell NPs, Au–Pd nanodumbbells, and 
Au–Pd nanosheets. The silicon–Pyrex microfluidic reactor used 
for all reactions allowed reagents to be mixed inline before 
entering a hot area capable of initiating the NP growth. This setup 
was capable of simple modifications (temperature, pressure, reac-
tants, residence time, and flow conditions) giving rise to a library 
of metallic nanostructures with different compositions, sizes, 
shapes, and architectures. The metal domains, exposed facets, and 
the εd of the final NPs will tailor different catalytic performances.  
By combining this synthetic versatility with the scale-up advan-
tage of microreactors, new catalysts can be evaluated with 
possible production on the industrial scale.

Adv. Energy Mater. 2020, 10, 1902051

Figure 10.  A scheme of the continuous-droplet reactor used to synthe-
size Pt–Ni octahedra, a TEM image of the Pt–Ni octahedral product, and 
a graphical representation of the Pt–Ni octahedra activity toward ORR 
compared to the commercial Pt/C activity. Adapted with permission.[75] 
Copyright 2016, American Chemical Society.
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Moreover, the droplets can be viewed as spatially and tem-
porally confined reaction vessels, potentially providing unique 
chemical environments. For example, the spatial and temporal 
confinement of aerosol droplets have enabled molten salt syn-
theses to be spatially and temporally confined, providing a 
pathway to shape-controlled nanoparticles through control of 
supersaturation conditions; traditionally molten salt syntheses 
produce micrometer-sized crystals.[37c] In the case of droplet 
microreactors, a diversity of different chemistries can similarly 
be confined, which may give rise to unique synthetic outcomes.

Also, the flow nature of the droplet microreactors allows dif-
ferent reaction events to occur sequentially inline. Section  5.8 
introduced the idea of multistep processes, in one example 
through viable temperatures inline and in a second example 
through the electrocoalescence of droplets. A largely unexplored 
concept is the introduction of other energy sources (e.g., elec-
tromagnetic radiation or ultrasound) at specific points inline. 
In the case of metal NP synthesis, light in the visible to near-
IR regions is capable of plasmon-driven synthesis, which has 
been particularly useful in accessing kinetic nanostructures (i.e., 
those expressing high energy facets or of anisotropic shape) of 
Au, Ag, and other metals capable of sustaining a plasmon in that 
region.[79] Furthermore, a large variety of metal NPs have been 
synthesized through microwave heating, where the formation 
of NPs is reportedly faster and with narrower size distributions 
compared to conventional heating.[80] Thus, the ability to deliver 
electromagnetic radiation of specific energies and intensities at 
different points inline could provide access to completely new 
NPs, including kinetic nanostructures and metastable phases.

Finally, the interface between the droplet and carrier phase 
has been hardly explored to access new types of metal nano-
structures. However, this interface is a unique feature of droplet 
microreactors at which chemistry can occur. For example, silica 
microcapsules (hollow spheres) have been produced due to 
growth reactions occurring at the oil/water interface.[81] The 
silica microcapsules were formed by stabilizing the interface 
during growth. Potentially, this methodology can be extended 
to metal nanoparticle growth as many growth directing agents 
can interact at the water/oil interface, allowing the curvature 
of the interface to possibly facilitate shape control. NP self-
assemblies can also occur at the interface, giving the possibility 
of achieving a thin film for catalysis.[82] Additionally, a variety of 
different flow methods have been used to produce multicom-
partment microdroplets. These microstructures typically form 
from the immiscibility of different polymer domains but also 
provide a mechanism to confine incompatible reagents spatially 
so that mixing and reaction can be initiated downstream. These 
multicompartment microdroplets may also allow different reac-
tions to occur within each compartment and create unique 
heterostructures with defined interfaces. This possibility is 
particularly attractive to the design of catalysts where grain 
boundaries have been identified as active sites in many cases.

7.2. Inline Catalysis

Just as flow chemistry has been developing for the synthesis 
of metal NPs, continuous flow microreactors have been devel-
oping for catalyst testing and deployment. These microreactors 

similarly offer improved heat and mass transfer, which can 
improve the selectivity of many catalysts. Additionally, the use 
of alternative means of energy transfer (e.g., ultrasound or 
microwave radiation) within microreactors has been shown to 
increase reaction rates. With these, and other, advantages in 
mind, the ability to integrate metal NP synthesis, characteriza-
tion, and catalysis all in one stream becomes attractive.

For example, metal NP synthesis can proceed using the 
methods described in Sections 5 and 6, with different reaction 
conditions being screened. The products from these syntheses 
can then be characterized by a variety of different methods. 
Typically, absorption and fluorescence measurements are used 
to extract size distributions and surface uniformity.[83] Online 
characterization is starting to expand to Raman, X-ray, and 
nuclear magnetic resonance spectroscopy for reaction moni-
toring and catalyst characterization.[55] The various products can 
then be delivered further downstream to cartridges that immo-
bilize the NPs on a catalyst support that is then detached from 
the synthesis portion of the microreactor. Now, nanocatalyst 
cleaning and activation can proceed using the methods devel-
oped for heterogeneous catalysts in continuous flow micro-
reactors, followed by testing. The overall concept is depicted 
in Figure  11. Altogether, this type of microreactor provides a 
combinatorial and automated approach to metal NP synthesis, 
characterization, and catalyst evaluation. For this vision to be 
realized, advanced understanding of NP synthesis and catalyst 
evaluation in flow reactors is required, along with automated 
sample handling, analytical testing and data analysis.
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Figure 11.  A scheme showing the process of synthesizing NPs in a micro-
reactor, online analyses for quality control, and cartridge loading for cata-
lytic applications.
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